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For a personal-retention copy, call Tech. Info. Division, Ext. 6782 . Huberman, Crutchfield and Packard 1 were the first to point out that a resistively shunted Josephson junction with appropriately chosen parameters should exhibit chaotic behavior when driven by an external rf field. Subsequently, other authors 2 '6 have developed and extended this work using simulations. Apart from the inherent interest in chaotic behavior, these ideas may be highly relevant to the design of devices based on the Josephson effect; for example, it is likely that the large levels of exess noise observed in parametric amplifiers 79 were due to chaos;
We have chosen to study possible chaotic effects in a different system, consisting of a Josephson tunnel junction with capacitance C
shunted by a resistance R with a self-inductance L. In experiments on many junctions, we have observed large increases in the low frequency noise which are associated with negative resistance regions on the current-voltage (I-V) characteristics. This noise arises from at least two different mechanisms: Chaos, and switching between relaxation oscillations at subharmonics of the Josephson frequency. We have simulated the I-V curves and the chaotic and switching behavior on both analog and digital computers. With appropriate parameters, the simulations show Feigenbaum1° period-doubling transitions to chaos, regions of Pomeau-Manneyule 11 intermittency, and subharrnonic windows in the chaotic regions.
The model of the junction is shown inset in Fig. 3 . The coupled equations of motion of the system can be written in the form
and h/2e = IR + IL + VN(t).
Here, I 0 is the :ritical current, 1(t) is the current flowing through '1 the inductor and resistor, I qp (V) is the quasiparticle current, 6 is the phase difference across the junction, VN(t) is the Johnson noise voltage generated across the resistor, and we have set = 2eV/h, where the dot denotes time differentiation. The junction is characterized by the parameters a z 27I R2 C/ and The dynamic resistance shows a great deal of structure, including regions of negative resistance. The noise also shows considerable struc-ture, and one can distinguish three types of features. First, there are regions of bias current for which the junction has a noise temperature below the system noise temperature, 70K. Second, there are a number of fairly broad regions for which the noise temperature varies from about 300K at high bias currents to about 2,300K at currents just above the critical current. Third, there are a number of narrow but exceedingly noisy peaks for which the noise temperature is greater than 5 x 10 4K, the saturation value for the electronics; in other measurements we have determined that these peaks may have noise temperatures as high as 10 6 to 10 8K. These noise spikes are usually in the vicinity of negative resistance regions, but do not appear consistently at any specific feature: For example, the spike at 1.56 mA in Fig. 1 occurs near dV/dI = 0, while that at 4.32 mA occurs near a minimum in dV/dI.
To investigate further the origin of this structure we connected the junctions directly to a low noise preamplifier with a bandwidth of about 1 GHz and examined the output on a spectrum analyzer. Because of preamplifier the extr2me impedance mismatch, the)noise temperature was very high, about 7 x 10 5 K. In the regions of very low noise, we were able to observe stable subharmonic oscillations of the Josephson frequency; the subharmonic number is indicated in Fig. 1 . These relaxation modes have been studied by several other authors.' 214 In regions of bias current where the junction noise temperature was of the order of 10 3K, the subharmonic spectral components vanished, but the noise temperature of the high frequency amplifier was far too high for us to make any observations of the nature of the noise. The very large noise spikes generally arise from switching between two different regimes. As an example, Fig. 2 shows two well-defined peaks at 335 MHz and 377 MHz observed when a different junction was biased on a large noise spike. As one sweeps the bias current through the region where the noise spike occurs, one observes first one peak, then frthe growth of the second peak as the first one shrinks, and finally the disappearance of the first peak. Thus, the junction switches between two subharmonic relaxation modes, giving rise to copious levels of noise at frequencies below the characteristic switching frequencies. In fact, switching between subharmonic and chaotic modes can also occur, as our simulations have demonstrated (see below). A manifestation of this behavior is the appearance of noise spikes at the boundaries between noisefree and moderately noisy regions (' 10 3K), as illustrated in Fig. 1 .
We have simulated the junction using an electronic analog of a Josephson junction involving a phase-locked loop (Philipp Gillette and Associates, model JA-100) and an active inductance. Although there is certainly not a one-to-one correspondence between the simulations and the real junction, the simulations enable us to understand the general features. For example as the current is lowered we see period-doubling bifurcations to chaos, regions of Pomeau-Manneville intermittency, and even-and odd-period windows; these regions are labelled in Fig. 3 . The low frequency noise in the chaotic regions has a noise temperature of typically 600K at the higher bias currents, increasa/ ing somewhat as the current is lowered. The spectral density of the voltage at the points A. (chaos) and B (switching) in Fig. 3 are shown in Fig. 4 . In Fig. 4(a) , the noise is plotted for no injected noise and for an injected noise equivalent to 3.18K. (The intrinsic noise temperature of the analog was 7mK.) The broadened peak at high frequencies is from a residual subharmonic mode. The noise at low frequencies is white with a noise temperature of about 700K, and is relatively unaffected by the presence or absence of thermal noise. In Fig.   4(b) , the noise temperature of the junction in the absence of thermal noise was below the noise temperature of the measurement system. The addition of thermal noise greatly enhanced the noise temperature at low frequencies, where TN increases approximately as 1/f to a value of about 10 5K at 0.1 Hz. This high noise temperature was not observed in Fig. 3 because the bandpass of the measurement (indicated in Fig. 4 ) was in a higher frequency region where the noise was relatively low. In this particular instance, the bias point is at a inetastable subharmonic mode, but is sufficiently close to a chaotic regime that transitions between the subharmonic mode and the chaotic regime can be induced by the added thermal noise. Results from digital simulations are in excellent agreement with those from the analog.
To conclude, we note that while we can understand much of the observed behavior of the real junctions using analog and digital simulations, for some regions of bias current these junctions, and also those 2 of smaller area (2 x 2 im ), often displayed much higher noise temperatures than those that can be explained using simulations. The inclusion of several second order effects in the simulations has not yet resolved these discrepancies. 
